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(Abstract) The structural, electric and magnetic properties of PrSrCo0 4 and Pro. 4 Sri 6 Co0 4 layered perovskites 
have been investigated. The Rietveld refinements of x-ray powder diffraction (XRD) patterns at room temperature 
indicate that the samples crystallize in K 2 NiF 4 -type structure with group symmetry I4/mmm. The specimens exhibit 
semi-conducting behavior. The electric mechanism of PrSrCo0 4 obeys Arrhenius law and might be understood by 
small polaron models. On the other hand, the conduction of Pr .4Sri 6 Co0 4 follows two-dimensional variable range 
hopping model (2D-VRH). The magnetic properties of PrSrCo0 4 show Curie-Weiss paramagnetic behavior within 
the studied range of temperature. While Pr 04 Sri 6 Co0 4 exhibits two magnetic transitions; one is due to Griffiths 
phase and second because of a mixture between ferromagnetic (FM) and antiferromagnetic (AFM) transitions. These 
transitions become broad and shifted towards low temperatures with increasing applied field. No complete FM state 
was observed for this higher content of Sr. Comparison with similar compounds of the same Sr content is also 
discussed models. 
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1. INTRODUCTION 

Cobalt oxides have particular interest, not only because 
of the unique features of Co ions, but also due to their 
technological applications, such as solid oxide fuel cells 
and membranes for gas separation. [1-5]. Moreover, 
perovskite cobaltates exhibit rich magnetic properties 
including different types of ordering phenomena such as 
paramagnetic (PM), antiferromagnetic (AFM), or 
ferromagnetic (FM). Double exchange interaction between 
Co +3 O Co 4 is known to be FM while super-exchange 
interaction between Co ions with the same oxidation of 
states is AFM [6-9] The crystal-field splitting energy of Co 
^-states (Ecf) and Hund energy (E ex ) are comparable for 
perovskite cobaltates. This means that the energy gap 
between the f 2g and e g states is small and the electrons in 
t 2g can be thermally exited into the e g state. As a result 
high spin states can be archived [10]. In addition, the 
differences in electric or magnetic properties of cobaltates 
can be understood by considering the relationship between 
the average ionic radius of R\- X A X (R is the rare earth ions 
and A is the alkalic ions) and the energy difference between 
the low spin and intermediate spin states. 

Similar to isotropic perovskite compounds 
i?j_ x Sr x Co03, the physical properties of layered 
perovskite system R 2 x Sr x Co0 4 , R = La, Nd or Pr are 



fascinating. For instance Ndj x Sr 1+x Co0 4 (0.25 < x < 

0. 6) show spin-glass (SG) at 18K and Griffiths 
singularity around 210 K [11]. While the magnetic 
state of La, Sr CoO. alters from AFM state to FM 

2-x x 4 

state when the doping level x > 0.6 [12]. Doping - 
dependent charge and superstructures in Pr 2 x Ca x Co0 4 
(0.39< x<0.70) and La 2 _ x Sr x Co0 4 (x = 0.4, 0.61) were 
suggested [13]. It was found that the magnetic ordering 
of these systems is established at low temperature and 
has twice larger periodicity, indicating a dominant AFM 
correlation between the nearest Co 2+ spins. The electrical 
behavior of Ndj_ x Sr 1+x Co0 4 system obeys Arrhenius 
law for x = 0.25, 0.33 and 0.60 due to hopping of small 
lattice polarons as in the case of manganites. A 
systematic increase of the resistivity with decreasing A- 
site rare earth ionic radius r +3 in cobaltates was reported 
earlier [14] implying that upon narrowing the band 
width, the mobility of e g electrons is decreased. For Prj_ 
x Sri +x Co04 samples, the resistivity and thermal 
activation energy decreases irregularly with increasing x 
[15]. 

Because the layered perovskite compounds exhibit 
interesting properties so that a good motivation is to 
through light on Pr ( x Sr, +x Co0 4 system, especially at 0.60, 

1. e. in the Sr rich side. Through the publications [15,16] 
there is no details about the physical properties of this system 



at higher content of Sr samples. Therefore, two major issues 
were addressed in this article: first is to establish the crystal 
structure of Pr 04 Sri 6 Co0 4 sample with respect to PrSrCo0 4 
one. Second, is to understand the evolution of the electric 
and magnetic properties with the crystal structure of these 
compounds. The results show that the temperature 
dependence of resistivity of Pr 04 Sr I , 6 CoO4 is still 
semiconductor as in the case of Nd 04 Sr [ 6 Co0 4 [11]. 
Finally, Comparison with similar compounds of the same x is 
also discussed 

2. EXPERIMENTAL DETAILS 

The polycrystalline Pr Sr Co0 4 samples (0 and 
0.6) were prepared by the solid state method. 
Stoichiometric mixtures of Pr 6 O n (4N, MTI), SrC0 3 
(5N, cerac) and Co 3 4 (4N, Aldrich) were well ground 
and palletized. Then the specimens were calcined at 1000 

°C and sintered in oxygen at 1050 - 1 150 °C for 48 h with 
intermediate grindings. The sintered samples were 
annealed in oxygen at 1200 °C for 48 h. These pellets 
were further annealed at lower temperature (550 - 600 
°C) for 24 h in oxygen overpressure in order to achieve 
the high oxidation state close to 3. Both phase analysis 
and lattice parameters at room temperature were determined 
using an x-ray diffractometer Bruker D8, Germany with Cu 
K a radiation (k = 1.54056 A). The x-ray diffraction (XRD) 
data were collected in 20° < 29 < 90°, with 0.02° steps and 
19 second acquisition times per step. 

Electrical resistivity-temperature dependence, p(7), 
curves were measured both on cooling and on heating by 
the standard dc four-probe method using a CCR type 
refrigerator. DC magnetization measurements were 
performed in a SQUID magnetometer (Quantum Design 
MPMS-5S). Magnetization temperature curves were 
measured in zero-field- cooled (ZFC) mode with an 
applied magnetic field (H) of 0.20 kOe and 5.0 kOe. The 
magnetization-applied field, M(H), curves were measured 
within H=±60 kOe at 5 K. 



3. RESULTS AND DISCUSSION 

3.1 . X-ray Diffraction 

Polycrystalline PrSrCo0 4 and Pr 04 Sri 6 Co0 4 were 
characterized by conventional powder x-ray diffraction at room 
temperature employing Cu-K a radiation. The investigated 
samples crystallize in the K 2 NiF 4 -type structure [15]. The ciystal 
structure is described by space group I4/mmmwith Pr/Srionsat 
the Wyckhoff position 4e (0, 0, z) (z ~ 0.35), Co ions at the 2a 
site (0, 0, 0) and oxygen ions at the 4c site (1/2, 0, 0) and the 4e 
site (0, 0, z) (z ~ 0.16), respectively. The data were analyzed by 
standard Rietveld refinement employing the FULLPROF 
program suite [17]. The diffraction patterns showed single phase 
material for the investigated compounds. In particular, no 
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indications of spurious perovskite-related phases could be 
detected. Figure 1 shows representative diffractograms and the 
corresponding refinements of both PrSrCo0 4 and Pr 04 Sr l s CoO 4 
samples. The Rietveld refinements included the following fit 
parameters: overall scale factor, zero point shift, peak shape, 
isotropic temperature factors, 3 Cagliotti resolution parameters, 
the lattice constants a and c, the atomic positional parameters 
z(Pr/Sr) and z(O) of Pr/Sr and oxygen ions, respectively. Good 
agreement between observed and calculated intensities is 
achieved as reflected in the reliability factors. The structural 
properties of both samples are summarized in Table 1. The 
results show good agreement with values published in the 
literature [15]. The unit cell volume increases roughly with 
introducing more Sr as shown in Table 1. Interestingly, this 
change of the unit cell volume is predominantly originating by an 
increase of the tetragonal lattice constant c, whereas the lattice 
constant a within the equatorial plane remains almost constant. 
This behavior is similar to the results found for the La, Nd and Gd 
similar compounds [18] and a previous study [15] on 
Pri_ x Sr 1+x Co0 4 . It emphasizes the quasi two-dimensional 
character of the K 2 NiF 4 -type structure representing the n = 1 end 
member of the Ruddlesden-Popper phases. The change of the 
unit cell volume with Sr substitution is governed by two 
competing effects. The substitution of Pr 3+ (ionic radius for 
nine-fold coordination is r(Pr 3+ ) = 1 . 1 79 A) by Sr 2+ (r(Sr 2+ ) 
= 1.31 A) leads to a lattice expansion. On the other hand, 
charge neutrality implies oxidation of Co 3+ (ionic radius for 
high spin state in six-fold coordination is r(Co 3+ ) = 0.545 A) 
to Co 4+ (r(Co 4+ ) = 0.53 A). Obviously, the substitution of Pr 
by Sr is the dominating effect. In addition, the refinements 
also allow a determination of the bond length listed in Table 
1. The ratio of the Co-oxygen bonds (apical bond length over 
equatorial bond length) reveal the distortion of the C0O6 
octahedra. This behavior is directly reflected in the 
z-coordinate of oxygen. In Pr 04 Sri 6 Co0 4 , both the 
z-coordinate of oxygen, as well as the distortion reveal a 
strong increase. This behavior is in agreement with that 
found in previous study [15]. 



3.2. Electric Properties 

The electrical resistivity as a function of 
temperature of both compounds represents in Figure 
2(a). The resistivity shows insulating behavior 
(dp/dr<0) consistent with previous reports [16] and 
homologue compounds La,_ x Si +x Co0 4 , as in [19]. The 
variation of p versus T follows Arrhenius law: 

p = p Qxp(E/kT) (i) 

where po material constant, k Boltzmann's constant and 
E the activation energy. The inset of Figure 2(b) 
shows the linear fitting of the resistivity of PrSrCo0 4 
against \IT, which yields the values of E as listed in 
Table 2. Although the resistivity of Pr 04 Sri 6 Co0 4 is 
smaller than that of PrSrCo0 4 , the first compound is 
still semiconductor. As seen in Figure 2(b), the 
behavior of p with T 1/3 for Pr 4 Sr! 6 Co0 4 obeys two- 



dimensional variable range hopping (2D-VRH) [20] 
within the temperature range (97-300K) consistent 
with that reported for Nd . 4 Sri. 6 CoO 4 , as in [11] and 
Pr .5Sr 15 CoO4, as in [16]. Based on 2D-VRH, the 
temperature dependent reistivity p(T) of Pr 4 Sri 6 Co0 4 
follows the relation: 

p = p Qxp(T /T) V3 (2) 

where T is the variable range hopping parameter 
described by Mott and Davis [21]. The fitting of the 
rsistivity data of Pro^Sr! 6 Co0 4 sample according to 
Eq.2 gives the two parameters To = 5.77 x 10 5 K and 
p = 6.75 xlO" 4 (Q cm). 
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state of PrSrCo0 4 of low spin state (LS) to the 
intermediate spin state (IS). Similar behavior was 
observed for La 2 . x Sr x Co0 4 system [22]. Moreover, the 
distortion of the tetragonal Jahn-Teller of CoO g 
octahedron in the K 2 NiF 4 -type structure plays a 
dominant role in stabilizing the IS configuration. Both 
height and position of such peak changes with the applied 
magnetic field. Another transition of this sample can also 
be seen around 1 60K. The first transition can be ascribed 
to a Griffiths phase (T G ) for T M <T<T G with T M denoting 

Table 1. Structural parameters and bond lengths of 
PrSrCo0 4 and P r o 4 S r i 6Co0 4 as resulting from the 
Rietveld refinements of the x-ray powder diffraction 
measurements. Space group is 1 4/mmm with Pr/Sr 
ions at the 4(e) site with fractional coordinates (0, 0, 
z), Co ions at 2(a) sites with coordinates (0, 0, 0), 
oxygen 01 at the 4(c) site (0.5, 0, 0) and oxygen 02 
at the 4(e) site (0, 0, z) are a given. 



Sample 


PrSrCo0 4 


Pr„,Sr, ,CoO, 

0.4 1.6 4 


a(k) 


3.7774(1) 


3.7801(4) 


C (A) 


12.341(6) 


12.433(2) 


v (A 3 ) 


176.100(1) 


177.663(7) 


z (Pr/Sr) 


0.3597(2) 


0.3596(4) 


z(O) 


0.165(1) 


0.178(3) 


R B r» g g(%) 


6.05 


9.19 


Co-0 1 x2 (A) 


2.036(2) 


2.2 1(2) 


Co-02x4 (A) 


1.889(2) 


1 .8 90(2) 


(Co-01)/(Co-02) 


1.078 


1.169 


PrSr-0 1 x 1 (A) 


2.404(1) 


2.26(3) 


PrSr-0 1 x4 (A) 


2.688(2) 


2.7 14(4) 


PrSr-02 x4 (A) 


2.562(2) 


2.573(3) 



Figure 1: X-ray diffraction patterns of PrSrCo0 4 and 
P r o.4Sr 1 . 6 Co0 4 . Shown are observed intensities (open red 
circles), calculated intensities (full black line), their 
difference (blue line below) and the position of the 
calculated reflections (green vertical bars). 



3.3. Magnetic Properties 

Figure 3(a) depicts the zero field-cooled (ZFC) 
magnetic susceptibility, x> at 0.20 and 5.0 kOe versus 
temperature for Pr Q 4 Sr t 6 Co0 4 compound. While the 
sample the parent sample PrSrCo0 4 exhibits Curie- Weiss 
paramagnetic-like as shown in the inset of the upper 
frame of this figure, x(T) of Pr 04 Sr 16 CoO 4 increases 
slightly with decreasing temperatures until the 
appearance of a pronounced peak. The increase of x with 
increasing Sr content is due to the change of the ground 



the temperature of the second corresponding anomaly in 
X(T). The T G refers to the formation of short-range 
ferromagnetic clusters with large spins in the paramagnetic 
(PM) matrix. T M points to short-range ferromagnetic (FM) 
phase. The values of T G and T M for Pr 04 Sr 16 CoO 4 are 
160K and 70K at 0.20 kOe, respectively. With increasing 
the applied magnetic field to 5.0 kOe, these magnetic 
transitions became broad and shifted towards lower 
temperatures ( T G = 140K , T M = 58K). No spin glass phase 
(SG) was observed at low temperature for PrSrCo0 4 or 
Pr 4 Sri 6 Co0 4 as reported earlier for Pr .8Sr L2 CoO 4 , as in 
[16] andPr 1 _ x Sr 1+x Mn0 4 (x = 0.2, 0.40) [23]. 

Figure 3(b) represents the temperature dependence 
of the inverse magnetic susceptibility, % l , for the two 
investigated samples. A Curie-Weiss ( C W ) behavior 
is observed over the entire temperature range for the 
sample PrSrCo0 4 . Deviation from CW behavior is limited 



to high temperatures T >160K for Pr 4 Sri eCo0 4 . 
According to CW law, the effective paramagnetic 
moments, ju ef{ , and CW temperature, T e were calculated 
and tabulated in Table 2. The effective magnetic moment 
u e ff decreases with increasing Sr ions as reported earlier 
[22]. As seen in Table 2, T e is negative for PrSrCo0 4 and 
alters to positive for Pr^Sr] 6 Co0 4 . The change of sign of 
T e shows that the substitution of Pr 3+ by Sr 2+ ions changes 
the magnetic transitions from predominantly AFM to FM. 
Similar behavior was observed for the compounds La^ 
x Si+ x Co04 with increasing the content of Sr ions [19]. To 
estimate the contribution of permanent magnetic moments 
at room temperatures, the CW susceptibility at room 
temperature was given [24,25]: 

Z CW (300K)- C 



300K - T g 
Curie constant. As 
(300K) of Pro. 4 Sr 16 Co04 is 



where C is 

x cw < 

PrSrCo0 4 due to increasing magnetic exchange. 



(3) 

shown in Table 2, 
higher than that of 
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linear behavior. On the other hand, the area of the hysteresis 
loop increases for Pr 04 Sri 6 Co0 4 but there is no evidence for 
fully developed FM phase. 
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Figure 3: (a) The upper frame represents the zero-field 
cooled susceptibility, %(T), of Pr 04 Sr! 6 Co0 4 at H = 
0.20 and 5.0 kOe. The corresponding magnetic 
transitions are indicated by arrows. The inset in the 
upper frame shows zero-field cooled susceptibility x(T) 
of PrSrCo0 4 at 0.20 kOe applied field, (b) The lower 
frame depicts the temperature dependent of the inverse 
susceptibility % _1 (7) for both investigated samples at 5 
kOe. The solid lines represent the fitting according to 
Curie- Weiss (CW) law. 



Figure 2: (a) Resistivity as a function of temperature of 
PrSrCo0 4 and Pr 4 Sr . 6 CoO 4 samples (upper frame), 
(b) The variation of In p against 7" 1 3 for Pr 4 Sri 6 Co0 4 . 
The inset in the lower frame displays the variation of In 
p versus l/T for PrSrCo0 4 sample. The solid lines 
display the linear fitting. 



The isothermal magnetic behavior of the investigated 
samples at 5K with an applied magnetic field up to 60 kOe 
is shown in Figure 4. The paramagnetic behavior of 
PrSrCo0 4 is evidenced by negligible hysteresis although the 
magnetization, M(H), exhibits slight deviations from a strict 



The maximum magnetization M nHX (5K), remnant 
magnetization (M r ) and coercive field (H co ) were given for 
both samples in Table 2. Compared to previous reports on 
similar compounds with different Sr content [16], there is a 
good agreement with our results. On contrast, the 
homologue compounds Lao 5 Sri 5 Co0 4 shows ferromagnetic 
phase because partial saturation magnetization (1.5u B ) at 2K 
was achieved [19]. The absence of ferromagnetism in Prj. 
x Sri +x Co0 4 compared to Lai_ x Sri +x Co0 4 can be explained 
in terms of ionic radius of ^4-site (r A ) and tolerance factor 
(f): 
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t = 



r A+ r 



V2(r 5 +r ) 



(4) 



where r 



i is the mean ionic radius of Co 4+ and Co 3+ ions and 



r is the ionic radius of O " ion. In the first system, r h 
represents the average ionic radius of both Pr 3+ and Sr 3+ ions. 
Decreasing the values of t than one indicates an increasing of 
the buckling of the octahedra and then no complete FM 
phase is observed.. On contrast, r A of the ^4-site in 
Lai_ x Sr 1+x Co0 4 is larger than that of Pr 1 . x Sri +x Co0 4 and t >1 
so that FM was found for the first system. 



Table 2. Magnetic properties of PrSrCo0 4 and 
Pr . 4 Sr 1 6 Co0 4 compounds. The parameters were obtained 
by fitting % l (T) data using Curie-Weiss (CW) law at 5 
kOe applied field as shown in Figure 4(b). The effective 
magnetic moment ((J-eff) > maximum magnetization at 5K 
(Mihx,5k) an d calculated CW magnetic susceptibility, 
(300 K) in emu/mol K, coercive field (H co ) and remnant 
magnetization (M r ), the resistivity at room temperature, 
P 3 o o k an d activation energy , E, of PrSrCo0 4 are given. 



sample 


PrSrCo0 4 


Pr 0.4Sr 1 . 6 CoO 4 


To (K) 


-59.65 + 0.6 3 


160.79 +0.48 


l^ef f (M-B /ion) 


4.31 +0.22 


3.52 +0.25 


X C W (300K) 
xlO -2 


0.65 +0.0 02 


1.11 +0.005 


M m ax,5K (MB ) 


0.19 


0.81 


H c o ( k e ) 


2.0 


2.0 


M r (n B ) 


0.008 


0.306 


P3ook(0 cm) 


5 7673 


1 6 8 


E(me V) 


228.8 + 1 .43 6 
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Figure 4: Magnetization hysteresis of PrSrCo0 4 and 
Pr 4 Sr 6 Co0 4 versus applied field (H) at 5 K. 



is thermally activated within the studied range of 
temperature but the resistivity of Pr 4 Sr! 6 Co0 4 obeys the 
two-dimensional variable rang hopping model (2D-VRH) 
within the range 97-300K of temperature. While the 
sample PrSrCo0 4 shows CW paramagnetic behavior in 
the studied range of temperature, Pr 4 Sn 6 Co0 4 
undergoes two transitions: one due to Griffiths phase 
and second due to short range FM. Both transitions 
became broad and shifted toward low temperature with 
increasing applied magnetic field. No magnetic 
saturation was observed for the investigated samples at 
5K and applied field up to 60 kOe. There is a strong 
relation between the structure and the physical 
properties of these compounds. It is expected that the 
expansion of the cell volume by increasing Sr content, 
influences the magnetic properties of this system. A neutron 
powder diffraction would be useful study to give more 
details about the magnetic structure of these samples. 



4. CONCLUSIONS 

The structural, transport and magnetic properties of 
PrSrCo0 4 and Pro^Sr] 6 Co0 4 have been investigated. The 
Rietveld refinements of x-ray powder diffraction 
(XRD) patterns at room temperature indicate that both 
samples crystallize in K 2 NiF 4 -type structure with 
group symmetry I4/mmm. The lattice parameter c and 
unit cell volume of Pr 04 Sri 6 Co0 4 are higher than those 
of PrSrCo0 4 while the lattice constant a is almost the 
same. The electric measurement shows that PrSrCo0 4 
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